In this paper, a new perylene diimide (PDI)-based acceptor Me-PDI 4 with tetrahedral configuration (or 3D) has been synthesized and characterized. Solution-processed organic solar cells (OSCs) based on Me-PDI 4 have been investigated and our results show that the device performance can reach as high as 2.73%. Our new design with tetrahedral configuration (or 3D) could be an efficient approach to push up 10 the PCE of OSCs with non-fullerene acceptors.
Introduction
Organic solar cells (OSCs) have been extensively investigated in past decades due to their several charming advantages including low cost, light weight, easy process, and flexibility. 1, 2 To 15 complete the function of OSCs, both donor materials (holes as major charge carriers) and acceptor elements (electrons as major charge carriers) are required. Currently, many efforts have been input to design and synthesize novel donor materials with low bandgap and high mobility. The finely-tuned donor structures 20 have pushed the Power Conversion Efficiency (PCE) to as high as 10%. [3] [4] [5] However, as the counterpart of donor materials, the progress on acceptors is relatively lagged behind. Till now, fullerene and their derivative ( [6,6] -phenyl C 61 /C 71 butyric acid methyl ester (PC 61 BM and PC 71 BM)) are still the dominated 25 acceptors. [6] [7] [8] [9] [10] [11] Unfortunately, fullerene systems have been recognized with several disadvantages for their practical applications including a) limited absorption spectrum compared with solar spectrum, b) difficult to functionalize and tune the electronic property, which is realized only in a few cases such as 30 bis-adduct approach, 12 and c) high cost to produce, especially for PC 71 BM. 13 Therefore, it's highly desirable to develop novel nonfullerene acceptors, which possess strong absorption ability in visible and NIR region, adjustable energy level, tunable electronic properties, and good match capability with donor 35 materials. The non-fullerene acceptor systems can be classified into two groups: (a) small molecules such as fluorinated phthalocyanines, diketopyrrolopyrroles, vinazene and 9, 9'-bifluororeylidene, and (b) conjugated polymers functionalized with strong electron- 40 withdrawing groups such as fluorine, cyano and benzothiadiazole. However, both systems normally show poor PCEs <3% or around 3%. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] Only in recent two years, larger PCEs (4-6%) have been reported. [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] These promising results strongly encourage scientists to search other novel acceptor 45 systems. Since perylene diimide (PDI) has been widely known as n-type organic semiconductors with high chemical, thermal and light stabilities, PDIs should be good candidates to replace fullerene in OSCs. 41, 42 In addition, this type of materials generally shows strong absorption in the visible region or even 50 NIR area as well as good electron-accepting ability due to their well-placed lowest unoccupied molecular orbital LUMO energy (ca. -4.0 eV) and excellent electron mobility. 43, 44 More importantly, their solubility as well as optoelectronic and selfassembling properties could be finely tuned by proper 55 modification. 45, 46 In fact, PDIs have been demonstrated as potential acceptors in OSCs and mono-PDI systems can reach PCE as high as 3%. [47] [48] [49] [50] However, generally speaking, the performance for mono-PDI derivative is not very promising due to their stronger aggregation resulting from the large 60 intermolecular π-π interaction. [51] [52] [53] To address this problem, various alkyl chains were tried to introduce on the bay of the PDI, which didn't improve their performance too much in OSCs. 54, 55 Very recently, introducing "twisted" concept in PDI system to prohibit the aggregation has been investigated and the 65 performance of OSCs based on these materials is very promising.
52, 56-58 For example, Yao's group introduced one thiophene as a bridge between two PDI units and achieved PCE as high as 4.03%. 59 After finely tuning the film parameter, the PCE can be eventually up to 6.1%. 30, 31 Similarly, Zhao's and 70 Zhan's group introduced other units (spirobifluorene, indaceno[1,2-b:5,6-b′]dithiophene, etc) into PDI systems and obtained good PCEs of 2.35% and 2.61% by taking P3HT as donor. 56, 60 Although these efforts are impressive, further improving the performance of PDIs in OSCs is still highly 75 desirable. Given that fullerene has a ball-like structure, which might enable isotropic charge transport, [61] [62] [63] designing novel nonfullerene molecules with a 3D architecture might enhance the performance of OSCs. In fact, several groups have conducted their research in this direction. For example, Zhan's group reported a novel acceptor with a quasi-3D non-planar structure with triphenylamine as a core to reach the PCE as high as 3.32%. 64, 65 Yan's group also reported a novel small acceptor based on tetraphenylethylene core to give a high PCE of 5.53%.
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In Jenekhe's recent paper to summarize the guidelines to design 5 novel acceptors, he emphasized the importance of 3D architecture. 32 These results and points make us believe that acceptors with 3D configuration could be an efficient approach to push up the PCE of OSCs. It is well-known that tetraphenyl methane possesses a tetrahedral 10 architecture and it has been widely used to build porous polyimides with high surface areas for catalysis and gas storage applications. [67] [68] [69] Employing this building block as a core and attaching PDIs on it, 70 , 71 a novel acceptor with 3D configuration could be constructed. Herein, we report a new non-fullerene 15 acceptor (Me-PDI 4 ) with 3D configuration and test its photovoltaics performance with donor material poly [4,8- 
Device fabrication and measurements
The conventional photovoltaic devices were fabricated with the structure of glass/ITO/PEDOT:PSS/PBDTTT-C-T: Me-PDI 4 /Ca/Al. Patterned ITO-coated substrates with a sheet 50 resistance of ~15 ohm/square were cleaned by a detergent scrub and subsequent ultrasonic treatment in soap deionized water, deionized water, acetone and isopropyl alcohol for 15 minutes at each step. After dried by a nitrogen flow, the ITO substrates were treated with ultraviolet-ozone for 20 minutes. A thin layer (ca. 55 30nm) of PEDOT:PSS (Clevios P VP AI 4083, filtered at 0.45 µm) was then spin-coated at 4500 rpm onto ITO substrates. After baked at 150°C for 20 minutes in ambient condition, the substrates were transferred into argon-filled glovebox. Subsequently, PBDTTT-C-T: Me-PDI 4 blend solution in ortho-60 dichlorobenzene (1:1 w/w, in total 30 mg/mL) with different content of DIO additive was spin-coated onto the PEDOT: PSS layer at 1500 rpm. After thermal annealing at different temperatures for 10 minutes, a 20nm Ca layer and 100nm Al layer were subsequently deposited on active layer under high 65 vacuum (< 2 × 10 -4 Pa). The inverted devices were fabricated with the structure of glass/ITO/ZnO nanoparticles (NPs)/PBDTTT-C-T:Me-PDI 4 /modified PEDOT:PSS/Ag. ZnO NPs were prepared using the techniques reported by Beek et al. 73 The ZnO NPs solution (in 70 n-BuOH, 3000 rpm, filtered at 0.22 µm, ~30 nm) were spincoated onto the pre-cleaned ITO substrates. After being baked at 120 °C for 30 minutes, the substrates were transferred into an argon-filled glove box. The active layer solution was subsequently spin-coated onto the ZnO layer under the same 75 condition with the conventional device. Then the modified PEDOT:PSS 74, 75 was spin-coated onto the active layer, followed by 100 ºC thermal annealing for 10 minutes. Finally, a 100 nm Ag layer was deposited on the active layer under high vacuum (< 2×10 -4 Pa). The effective area of each cell was about 4 mm 
Optical simulations
The optical simulation was modeled using a transfer matrix 95 model (TMM), the MATLAB program is available online at http://web.stanford.edu/group/mcgehee/transfermatrix/index.html . The one-dimensional spatial distribution of normalized incident light intensity (|E| 2 ) inside the devices was calculated by means of an optical TMM approach. The spatial distribution of the 100 absorbed photon flux density could then be calculated by integrating single-wavelength |E| 2 with an AM 1.5G spectrum from 300 nm to 800 nm. Finally, the theoretical maximum J sc for a device under AM 1.5G illumination was determined by spatially integrating the absorbed photon flux density within the 105 active layer, assuming 100% internal quantum efficiency for all wavelengths.
Scheme 1 Structure of PBDTTT-C-T and Synthesis of Me-PDI4

Results and discussion
Synthesis
As showed in Scheme 1, Me-PDI 4 was synthesized by refluxing 5 the mixture of tetrakis(4-aminophenyl) methane and M 4 in quinoline solution at 180 o C, using a small amount of anhydrous Zn(OH) 2 as the catalyst. For the precursor M 4 , to avoid the tedious work of purification through column chromatography, we alternatively synthesized it based on several literatures. [76] [77] [78] [79] (Fig.   10 S1) The as-prepared deep red product Me-PDI 4 was obtained in 55% yield after purification and fully characterized by 1 H NMR, 13 C NMR and MALDI-TOF. (Fig. S7, S8 ) Importantly, Me-PDI 4 displays very good solubility (>20 mg/mL) in various common solvents including methylene chloride, chloroform, 15 chlorobenzene and dichlorobenzene.
Thermal properties
The thermal properties of Me-PDI 4 were investigated by thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) as showed in Fig. 1 . From the TGA graph, it 20 can be seen that Me-PDI 4 can stable up to 310 o C, with 5% weight loss at 364 o C. The DSC spectrum indicates that there is no phase transition peak regarding to melting or crystallinity between 50 o C to 300 o C, suggesting Me-PDI 4 is amorphous. Simulation of Me-PDI 4 35 The geometry of Me-PDI 4 was optimized by using DFT calculations (B3LYP/6-31G*), 80, 81 and the frequency analysis was followed to assure that the optimized structures were stable states. To simplify the calculation, the longer alkyl groups were replaced by ethyl groups and all calculations were carried out 40 using Gaussian 09.
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Fig. 2 Theoretical calculations of energy level
The Me-PDI 4 molecule has very high symmetry with point group of S4, and symmetry constrain was used in the DFT calculation. 45 The dihedral between the PDI unit and the connected phenyl group is 110.17 degree, which indicates that four PDI units were separated by the tetraphenyl methane core. Therefore, this molecule has four degenerated LUMOs which can accept up to eight electrons, (as shown in Fig. 2 , the electron density 50 distributions for the degenerated LUMOs and highest occupied molecular orbitals (HOMOs) are shown in Fig. S2 ). This predicted result is similar to that of the famous acceptor PC 61 BM, which has three quasi-degenerated LUMOs. 13 Besides this, the 3D architecture of Me-PDI 4 could facilitate the multi-conjugation 55 with the neighbor molecules, therefore increasing the electroncouplings during charge transfer. Based on these theoretical calculation results, we believe that Me-PDI 4 could be a promising electron acceptor in OPVs.
Electronic and optical properties
The normalized UV-vis absorption spectra of Me-PDI 4 in dilute chloroform and in solid film are shown in Fig. 3 . In solution, Me-PDI 4 shows a narrow absorption range from 420-550 nm, along with two peaks at 490 nm and 530 nm. The maximum molar 5 absorption coefficient at 530 nm is 4.956 × 10 4 M -1 cm -1 . Compared with the absorption in solution, the thin film of Me-PDI 4 shows a broader absorption with a similar profile. Only 9 nm redshift of absorption peak from solution to film suggests that there are weak intermolecular interaction and molecular 10 aggregation in the film. As for the absorption of PBDTTT-C-T: Me-PDI 4 blend film, a complementary UV-vis absorption covering almost the whole visible range (from 300 nm to 780) is observed. This feature may suggest that the active layer could absorb as many photons as possible, which should have a big 15 contribution to a better short circuit-current density (J sc ) of the photovoltaic device. 
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The electrochemical property of Me-PDI 4 was studied by cyclic voltammetry (CV) in 0.1 M n-Bu 4 NPF 6 methylene chloride solution. The reduction wave of cyclic voltammogram is shown in Fig. 4a and the calculated energy levels are summarised in Table 1 . It can be seen that the onset of reduction potential versus 25 FeCp 2 +/0 (+0.48 V) was about -0.98 V. Thus, the LUMO energy was estimated to be -3.82 eV from the reduction potential by using the empirical formula, E LUMO = -(E red,onset + 4.8) eV, assuming the absolute energy level of FeCp 2 +/0 to be 4.8 eV below vacuum. 82 The HOMO of Me-PDI 4 is -5.96 eV calculated 30 from LUMO and E g opt , which is consistent with the DFT calculation result (-5.958 eV). The alignment of the energy levels of donor material PBDTTT-C-T with acceptor material Me-PDI 4 is shown in Fig. 4b . Given that the LUMO value of PBDTTT-C-T is -3.25 eV, the offset between LUMO of donor and LUMO of 35 acceptor is calculated to be 0.56 eV, which is large enough to drive the exciton separation and electron transportation within the active layer since the generally accepted minimal value for such offset to guarantee success of these processes is around 0.3 eV. 
Photovoltaic performances of the devices
In order to demonstrate the potential application of Me-PDI 4 in OSCs, we fabricated solution-processed OSCs based on 50 PBDTTT-C-T: Me-PDI 4 and evaluated the current density−voltage (J−V) characteristics under AM1.5 solar illumination at 100 mW cm -2 . Device performance and corresponding J-V curves are summarized in Table 2 and Fig. 5a , respectively. More detailed device performances are summarized 55 in (Fig. S3) and fill factor (FF) of 0.345. After adding 3% (v/v) 1,8-diiodooctane (DIO), FF increased moderately and J sc increased significantly from 3.74 mA cm -2 to 6.66 mA cm -2 at 3% DIO and the best device performance with a PCE of 2.04% was obtained. 65 Thermal annealing is a widely used method to optimize the morphology of the active layer. 84 Thus, under the optimal DIO content of 3%, different thermal annealing temperature were studied. (Fig. S3 ) At a relatively high annealing temperature of 180 o C, the PCE enhanced to 2.35% mainly due to the increased 70 FF (0.472). Recently, inverted solar cells have been demonstrated as an effective structure to further improve the OSC performance. 32, 37, 85 In order to further increase the device performance, inverted device with a structure of ITO/Zinc oxide (ZnO) nanoparticles/PBDTTT-C-T:MePDI 4 /modified 75 PEDOT:PSS /Ag was fabricated. With 3% DIO concentration and 180 o C thermal annealing temperature, the inverted device gives the PCE of 2.73%, which is apparently higher than that of conventional device and is mainly ascribed to the enhancement of J sc (from 6.47 to 7.83 mA cm -2 ). In view of that both 80 conventional and inverted device exhibit similar FF, which indicates that there is similar recombination in both devices, it's speculated that the increased J sc is mainly ascribed to the enhanced absorption of photons in the active layer with the introduction of the inverted device. In order to further confirm this, optical simulations were performed in both conventional and inverted device based on real device conditions, and found that more excitons were generated in the inverted device than the conventional device (as shown in Fig. S4 ).
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Fig. 5 a) J-V curves of devices and b) EQE spectra of the blend films
The external quantum efficiency (EQE) spectra of PBDTTT-C-T: Me-PDI 4 blend films (Fig. 5b) are consistent with the J sc 10 variation of J-V characteristics. Corresponding with the broad UV-vis absorption range of blend film, the EQE spectra show a wide range photo response from 300-800 nm. The photo response ranging from 400-550 nm, which is attributed to the absorption of Me-PDI 4 , indicates that Me-PDI 4 makes a considerable 15 contribution to the overall photocurrent of the whole device. The EQE at 500 nm of the inverted device shows the highest value of 40%, which is even higher than that in the range of 600-750 nm (resulting from the absorption of PBDTTT-C-T). The calculated J sc integrated from the EQE spectrum of the conventional device 20 processed without DIO, with 3% DIO and the inverted device is 4.004, 6.464 and 7.825 mA cm -2 , which is 7%, 3% and 1% mismatch with that measured by J-V measurements, respectively. Inverted device based on optimal condition.
Morphological properties
In order to elucidate the impact of DIO content and thermal 30 annealing on device performance, atomic force microscopy (AFM) in the tapping mode and transmission electron microscopy (TEM) were carried out to study the morphology changes. Fig. 6 presents the AFM height and corresponding phase images. For the film treated without DIO, there was no obvious phase 35 separation and a relatively small root mean square (rms) roughness (0.695 nm) is obtained. Using DIO as additive to treat the blend film led to a change of film morphology, resulting in the formation of particle-like domain and the rms roughness increased to 0.884 nm. The phase image confirmed the improved 40 phase separation and the diameter of bright domain increased to about 40 nm. The TEM result (Fig. S5) ) was consistent with this morphology change. With the increased donor-acceptor in interfacial area, the J sc was enhanced from 3.74 to 6.66 mA cm -2 . 86 , 87 Based on 3% DIO, the further thermal annealing causes a 45 more uniform interpenetrating network along with a rms roughness of 0.964 nm, which may account for the increment of FF (from 0.404 to 0.472). We infer that the improvement of phase separation with the treatment of DIO can be attributed to the high boiling point of DIO (332.5 o C at 1 atm) and its selective 50 solvation of Me-PDI 4 . During processing of the blend films, the slow evaporation speed of DIO may offer sufficient time for the more soluble acceptor to form larger phase domains and produce more favorable phase separation. 
Charge transport properties
Carrier transport properties were investigated by measuring hole and electron mobility of the PBDTTT-C-T: Me-PDI 4 unbalanced electron/hole mobility (µ e /µ h = 0.032) may be responsible for the relatively low FF (< 0.5). 88 The work on the enhancement of charge carrier mobility as well as the realization of balanced electron/hole mobility is still under investigation.
Conclusions
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In conclusion, a novel non-fullerene acceptor based on PDIs with a 3D configuration was firstly explored and the as-prepared acceptor exhibits a complementary absorption and an appropriate energy level to donor material. Solution-processed OSCs based on PBDTTT-C-T and Me-PDI 4 (1:1 w/w with 3% DIO, 25 annealing) could reach a better PCE as high as 2.73%, which demonstrates that 3D architecture could be an effective strategy for future design of novel acceptors. 
